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Abstract—No-flow underfill process in flip-chip assembly
has become a promising technology toward a smaller, faster
and more cost-efficient packaging technology. The current
available no-flow underfill materials are mainly designed
for eutectic tin-lead (Sn/Pb) solders. With the advance of
lead-free interconnection due to the environmental concerns,
a new no-flow underfill chemistry needs to be developed for
lead-free solder bumped flip-chip applications. Many epoxy
resin/hexahydro-4-methyl phthalic anhydride (HMPA)/metal
acetylacetonate material systems have been screened in terms
of their curing behavior. Some potential base formulations
with curing peak temperatures higher than 200 C (based on
differential scanning calorimetry at a heating rate of 5 C/min)
are selected for further study. The proper fluxing agents are
developed and the effects of fluxing agents on the curing
behavior and cured material properties of the potential base
formulations are studied using differential scanning calorimetry
(DSC), thermomechanical analyzer (TMA), dynamic-mechan-
ical analyzer (DMA), thermogravimetric analyzer (TGA),
and rheometer. Fluxing capability of the developed no-flow
formulations is evaluated using the wetting test of lead-free
solder balls on a copper board. The developed no-flow under-
fill formulations show sufficient fluxing capability and good
potential for lead-free solder bumped flip-chip applications.
Index Terms—Epoxy resin, flip-chip, lead-free solder, microelec-
tronic packaging, no-flow underfill material.
I. INTRODUCTION
T HE RAPID advances of integrated circuit (IC) fabricationtechnology and the accelerated growth of the market
for faster, smaller, yet less expensive products continue to
challenge IC packaging technology [1], [2]. As a result,
flip-chip technology on an organic substrate has been invented,
developed, and practiced for more than ten years [3], [4].
Underfill technology is one of the keys to the success of
flip-chip technology [5]. The conventional underfill technology
has relied on capillary flow and has been developed for some
time [6]. However, the current widely-used conventional
underfill technology needs separate flux dispensing, solder
bump reflow, flux cleaning, underfill dispensing and flow, and
off-line underfill curing procedures. As such, the conventional
underfilling process is tedious, expensive, and not transparent
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to the surface mount technology (SMT) facilities. Recently, a
more promising underfill technology called no-flow underfill
technology has been invented and developed [7]. The key to
the success of the no-flow underfill technology lies in the avail-
ability of successful no-flow underfill materials, which have
been developed for several years. Many flip-chip assemblies
have been built and successfully demonstrated using no-flow
assembling process [8]–[11].
Current flip-chip technology strongly relies on lead-con-
taining soldering interconnection technology. However, the
health threat from lead poisoning has made it imperative to
remove lead from the solders. Lead-free soldering for the
electronic industry has followed the global trend toward a
lead-free environment. Although the proposal of eliminating
lead-containing interconnects in microelectronic applications
was initiated in the U.S. in the early 1990’s, it has advanced
much more rapidly in Japan and Europe. This differen-
tiation in lead-free progress has triggered great concerns
of lead-containing solder users about maintaining business
opportunity, therefore further expediting the advancement of
lead-free soldering programs. Along with this trend, it has
been predicted that the current widely used lead-containing
soldering interconnection technology in flip-chip applications
will be gradually replaced by lead-free soldering technology
such as tin-silver-copper (Sn/Ag/Cu) alloys in the near
future.
Since the no-flow underfilling process reflows the solder
joint and cures the underfill material concurrently, the curing
temperature of a no-flow underfill material must be compatible
with the melting point of the flip-chip bumping material.
Sn/Ag/Cu system is more tolerant toward lead contamination
and more compatible with the existing infrastructure for the
transition stage than bismuth (Bi) containing systems, thus, it
is one of the most potential materials being used in the future
f ip-chip bumping and is selected for study here. Formerly
developed and currently available no-flow underfill materials
are specifically designed for eutectic Sn/Pb solder bumping
material, the melting point of which is 183C. They are not
applicable to the Sn/Ag/Cu alloy bumped flip-chip assembling
process since the melting point of Sn/Ag/Cu alloy is217 C.
These no-flow underfill materials start to gel before the reflow
of Sn/Ag/Cu bumps. In addition, current fluxes designed for
eutectic Sn/Pb alloy might not have enough fluxing capability
when applied to the Sn/Ag/Cu alloy system. Therefore, a
new no-flow underfill chemistry needs to be developed for
Sn/Ag/Cu bumping material.
1521–3331/01$10.00 © 2001 IEEE
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TABLE I
BASIC CURING PROPERTIES OFERL 4221/HMPA/METAL ACETYLACETONATE FORMULATIONS
II. EXPERIMENTS
A. Chemical Ingredients of No-Flow Underfill Material
Epoxy resin, epoxy-curing hardener, metal acetylaceto-
nate catalyst, and fluxing agent were the four categories of
chemicals used in this study. The epoxy resins evaluated here
included cycloaliphatic epoxy resin ERL 4221 from Union
Carbide and bisphenol A epoxy resin EPON 8281 from Shell
Chemicals. The epoxy equivalent weights (EEW) of the two
epoxy resins were 134 g and 187 g, respectively. The epoxy
curing hardener was hexahydro-4-methylphthalic anhydride
(HMPA) was 168.2 g/mol and its purity was more than 97%.
The metal acetylacetonates studied were included in Table I.
Most of the metal acetylacetonates were purchased from
Research Organic/Inorganic Chemical Corp. and stored in the
lab for more than ten years. However, Co(II) acetylacetonate,
Co(III) acetylacetonate, and Fe(III) acetylacetonate were newly
purchased from Aldrich Chemicals, Inc. The fluxing agent
studied in this work was neither acidic nor basic. All the chem-
icals were used as received. The mixing ratio of all the four
components depended on the epoxy types. The mixing weight
ratio of ERL 4 221 : HMPA : metal acetylacetonate : fluxing
agent was 100 : 106.5 : 0.83 : 5.2 or 100 : 106.5 : 0.83 : 8.3.
The mixing weight ratio of EPON 8 281 : HMPA : metal
acetylacetonate : fluxing agent was 100 : 76.4 : 0.71 : 4.4 or
100 : 76.4 : 0.71 : 7.06.
B. Preparation of Underfill Materials
The specified quantity of each metal acetylacetonate was
added into the epoxy resin and stirred for60 min at a
temperature ranging from 60C to 100 C, depending on the
solubility of the metal acetylacetonate in each epoxy resin.
Then a specified quantity of the hardener HMPA was added
into the epoxy/metal acetylacetonate mixture and stirred for
additional 30 min at room temperature. Finally, a specified
quantity of the fluxing agent was added into the above mixture
and stirred for additional 30 min at60 C. The materials were
then stored in a freezer at40 C. Prior to any evaluation, all
the formulations were warmed up to room temperature.
C. Measurement Methods
Lead-Free Solder Wetting on Copper Board:The copper foil
laminated FR-4 board used for this study was first cleaned using
the routine cleaning procedures: 5 min rinse/immersion in ace-
tone, then 5 min in methanol, then in 50/50 HCl solution for
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TABLE I (Continued.)
BASIC CURING PROPERTIES OFERL 4221/HMPA/METAL ACETYLACETONATE FORMULATIONS
20 s, followed by a thorough DI water rinse and clean air jet
drying. The lead-free solder ball was prepared through the fol-
lowing procedure. A small block of Sn/Ag/Cu alloy was placed
in mineral oil in a beaker. The mineral oil was heated to240 C
so that Sn/Ag/Cu alloy was melted. High-speed agitation was
then applied. When many small metal drops were formed, the
mineral oil was gradually cooled while maintaining the high-
speed agitation. The small lead-free solder balls formed were
then filtered out and thoroughly washed by isopropyl alcohol
and acetone. In the wetting test, a lead-free solder ball was
placed on a copper foil. Then, the no-flow underfill material
was dispensed on the ball to cover the ball. The testing vehicle
then went through the pre-profiled five-zone reflow oven. The
spreading of the solder melt on the copper board was observed
and recorded.
DSC Study on the Curing Behavior:To study the curing be-
havior of the underfill formulations, a modulated DSC instru-
ment (by TA Instruments, Model 2920) was used. A sample of
10 mg of a formulation at room temperature was placed into a
hermetic DSC sample pan. For investigation of the curing pro-
file, the sample was then heated in the DSC cell at 5C/min to
300 C or 350 C to obtain its curing heat flow diagram. The
cured sample was left in the DSC cell and cooled to room tem-
perature. The sample was reheated to 280C at 5 C/min to
obtain another heat flow diagram. The initial temperature of the
heat flow step of the second diagram is defined as the DSC glass
transition temperature (DSC Tg).
TMA Study on the Coefficient of Thermal Expansion
(CTE): The CTE measurement of a cured material was
performed on a TMA instrument (by TA Instruments, Model
Fig. 1. DSC measured heat flow of three ERL4221/HMPA/metal Acac.
formulations.
2940). A specimen for TMA testing was prepared by heating
a liquid formulation in an aluminum pan (37.5 mm diameter)
to 250 C in a convective oven at about 3C/min heating rate.
The sample was continuously cured in the oven at 250C for
additional 15 min. For some formulations, they were further
heated to 290C and cured at this temperature for additional 30
min. After that, the sample was taken from the oven and cooled
to room temperature. The aluminum pan was then peeled off.
The two surfaces of the sample disc were polished to uniform
thickness of 1–2 mm. A diamond saw was used to cut the
polished sample into squares with dimensions of about 55
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Fig. 2. DSC measured heat flow of the three formulations in Fig. 1 after
addition of flux G.
Fig. 3. DSC measured heat flow of three EPON8281/HMPA/metal Acac.
formulations.
mm. The square sample was heated on the TMA sample stage
to about 250 C at a heating rate of 5C/min. The coefficient
of thermal expansion (CTE) was obtained from the thermal
expansion displacement versus temperature. The inflection
point of thermal expansion was defined as TMA Tg. The CTE
before TMA Tg was defined as and that after Tg as .
DMA Study on Dynamic Moduli:Study on the dynamic
moduli of a cured material was performed on a DMA instru-
ment (by TA Instruments, Model 2980). The preparation of a
specimen used for the DMA testing was the same as for the
TMA testing. But the specimen size for DMA testing is longer
and wider, about 3211 mm. The measurement was performed
under the single cantilever mode with 1 Hz sinusoidal strain
loading. Storage modulus (E’), loss modulus (E”), and loss
angle ( ) were calculated by the installed software.
TGA Study on Weight Loss and Thermal Stability:A TGA
instrument (by TA Instruments, Model 2050) was used to in-
vestigate the weight loss of the formulations during curing. A
sample of 40 mg of a liquid formulation at room tempera-
ture was placed into a platinum TGA sample pan. The sample
was then heated inside the TGA furnace at 10C/min to about
280 C under purging (77 ml/min in vertical direction and 12
Fig. 4. DSC measured heat flow of the two formulations in Fig. 3 after addition
of flux G.
Fig. 5. TMA measured thermal expansion behavior of NF-A through NF-D
( included).
Fig. 6. DMA measured storage modulus change with temperature of NF-A
through NF-D.
ml/min in horizontal direction). The weight difference between
25 C and 270 C was taken as the weight loss percentage of
the formulation during curing. For thermal stability testing of a
cured formulation, 40 mg cured sample was put in the TGA
sample pan and then heated from room temperature to 600C
under the same purging condition. A curve of weight loss
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Fig. 7. TGA measured weight loss during heating of NF-A through NF-D.
Fig. 8. TGA measured thermal stability of NF-A through NF-D.
Fig. 9. Viscosity change with temperature for NF-A through NF-D.
versus temperature was then obtained. The onset temperature
of the weight loss step was defined as the initial temperature of
the decomposition of the cured sample.
Rheometer Study on the Viscosity and Pot-Life:A rheometer
(by TA Instruments, Model AR1000-N) was used to measure the
viscosity of the formulations. All the viscosity measurements
Fig. 10. DSC measured heat flow of NF-A through NF-E.
were performed under 10 constant shear strain rate mode
with the temperature sweeping from 20C to 120 C within 10
min. The viscosity change with temperature was recorded by the
installed software.
III. RESULTS AND DISCUSSION
A. Development of No-Flow Formulations for Lead-Free
Solder
The development of no-flow formulations for lead-free solder
bumped flip-chip applications started with the development of
base formulations without the addition of the fluxing agent.
Many ERL 4221/HMPA/metal acetylacetonate systems were
screened in terms of the solubility of metal acetylacetonate in
ERL 4221 epoxy resin and the curing properties of the prepared
formulations, including curing onset temperature, curing peak
temperature, and observed qualitative material properties after
curing. The results are tabulated in Table I. There are four basic
criteria in the selection of base formulations for next-stage de-
velopment.
1) The metal ion does not have any potential to form mobile
ions.
2) The metal acetylacetonate can be totally dissolved in ERL
4221 epoxy resin at a temperature lower than 150C. The
existence of metal acetylacetonate particles may cause the
variation of the cured material properties and adversely
affect the interconnection yield due to the possible inclu-
sion of the particles between solder bumps and bond pads.
3) The curing peak temperature must be higher than 200C
based on DSC at a heating rate of 5C/min to ensure the
required curing latency for lead-free solder reflow.
4) The material should be cured at 230C without any
cracks after cooling. Higher curing temperature normally
introduces higher residual stress and causes secondary
reflow of the solder interconnects.
Based on these four criteria, only Be(II), Ba(II), Cu(II), Hf(IV),
Co(II), Co(III), Rh(III), Ni(II), La(III) acetylacetonates qualify
as the candidates. Among them, Co(II), Be(II), and Hf(IV)
acetylacetonates are selected for further investigation toward
the applicable no-flow underfill material in the next stage since
these three catalysts can provide three typical curing peak
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Fig. 11. Reflow profile for wetting test of lead-free solder balls.
Fig. 12. Spreading of lead-free solder ball on copper board during reflow process.
temperatures for ERL 4221/HMPA systems. Their DSC curing
heat flow diagrams are shown in Fig. 1.
In order to eliminate the metal oxide during reflow and
facilitate the solder to wet on the copper surface, flux G was
added to each formulation to provide the required fluxing
capability for the three base formulations. The effects of the
addition of flux G on the curing behavior are shown in Fig. 2.
As can be observed in the figure, after the addition of flux G,
the curing peak temperatures of the three base formulations are
all below 200 C. It indicates that the active hydrogen in flux
G reacts with some of the anhydride in the system to form an
acid, which has a higher reactivity than the anhydride for curing
of the epoxy resin. The low curing peak temperatures may
limit their applicability for lead-free solder bumped flip-chip
applications. In order to formulate applicable no-flow materials
with higher curing peak temperatures, metal acetylacetonate
catalyzed EPON 8281/HMPA systems were investigated. The
curing kinetics of three EPON 8281/HMPA systems catalyzed
by Co(II), Be(II), and Hf(IV) acetylacetonates are shown in
Fig. 3. Their curing peak temperatures are higher than those
of the ERL 4221 based counterparts. However, the EPON
8281/HMPA/Hf(IV) Acac. formulation is not suitable for
no-flow process for lead-free solder interconnecting due to its
too high curing peak temperature. The effects of the addition
of flux G on the curing kinetics of the other two formulations
are shown in Fig. 4.
Although flux G still significantly reduces the curing peak
temperatures, these formulations can maintain the curing peak
temperatures higher than 200C. Therefore, the further material
property characterization and fluxing capability evaluation were
conducted on the Be(II) and Co(II) catalyzed EPON 8281 based
formulations. The names of the developed four no-flow underfill
materials are NF-A, NF-B, NF-C, and NF-D. The characterized
material properties of the four underfill formulations are shown
in Figs. 5–9. Fig. 5 shows the TMA measured thermal expansion
b havior of the cured materials. The CTE’s of the four materials
b fore Tg ( ) are listed in the legend of the figure. Fig. 6 shows
the DMA measured storage modulus change with respect to the
temperature. The weight loss of the four formulations during
curing is shown in Fig. 7. It is observed that the weight losses are
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high because the catalysts involved in these formulations have
high latency and there is no significant reaction at the tempera-
ture when HMPA starts to evaporate. There are more significant
weight losses in NF-A and NF-B whose curing peak tempera-
tures are higher than those of NF-C and NF-D (see Fig. 10). This
might become a potential concern in the application of no-flow
underfill. Fig. 8 shows the thermal stability of cured samples.
It can be concluded that the cured underfills have high thermal
stability up to 350 C, after which they start to degrade. Fig. 9
shows the viscosity change with temperature for the four for-
mulations. Although the viscosity is high at room temperature,
it decreases quickly with the increase in temperature. All the
formulations have low enough viscosity beyond 100C for the
chip to collapse and touch the bond pad in the process of no-flow
underfill.
B. In-Situ Fluxing Capability Test
The DSC measured heat flow of five no-flow underfill mate-
rials NF-A through NF-E are shown in Fig. 10. NF-E is a com-
merically available no-flow underfill for eutectic Sn/Pb solder
bumped chip application. The reflow porfile used for the wetting
test is shown in Fig. 11. The spreading of the lead-free solder
on the copper board after reflow are shown in Fig. 12. It is ob-
served that NF-A, B, and C allowed lead-free solders to wet on
the copper board while NF-D did not. It can be concluded that
flux G can provide sufficient fluxing capability for lead-free sol-
ders. The wetting capability of the no-flow underfill is therefore
determined by the curing behavior of the underfill. Comparing
the results with the DSC measured heat flow curves in Fig. 10, it
can be inferred that curing peak temperature higher than 200C
may be required to ensure the wetting of the lead-free solder ball
on copper board.
The in-situ fluxing capability test is a good indicator toward
the application of developed no-flow underfill for the lead-free
solder bumped flip-chip. Further assembly test using lead-free
bumped chip and printed wiring board needs to be carried out
to verify the success of the no-flow underfill. The potential con-
cerns in the application includes the following.
1) The weight loss shown in Fig. 7 might cause voids in
the package and has a negative effect on the reliability,
in addition to the toxicity of anhydride released into the
atmosphere.
2) The higher process temperature of lead-free solder
requires a higher curing temperature of the underfill,
compared to the case using the eutectic Sn/Pb solder,
which will introduce higher residue stress when the
whole package cools down to ambient temperature. Its
influenced on the reliability needs to be addressed.
3) The fluxing capability of Flux G toward other surface
finishes including Ni/Au, organic surface preservative
(OSP), solder cap needs to be verified.
IV. CONCLUSIONS
Many ERL 4221/HMPA/metal acetylacetonate systems were
screened for lead-free no-flow underfill applications. Several
systems showed the potential for lead-free no-flow application.
However, the addition of flux significantly reduced the curing
peak temperatures and limited their applicability as a fluxing
no-flow underfill material for lead-free solder. Several fluxing
EPON 8281/HMPA/metal acetylacetonate systems were devel-
oped, which have higher curing peak temperatures and allow
lead-free solder wetting on the copper board. For Sn/Ag/Cu
al oy solder with the melting point at 217C, the developed
no-flow underfill materials that have a curing peak temperature
higher than 200C (based on DSC at a heating rate of 5C/m)
are desired.
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